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The most efﬁcient way to acquire motor skills may be through physical practice. Neverthe-
less, it has also been shown that action observation may improve motor performance.The
aim of the present pilot study was to examine a potential action observation paradigm used
to (1) capture the superior performance of expert athletes and (2) capture the underlying
neural mechanisms of successful action observation in relation to task experience.We used
functional magnetic resonance imaging to measure regional blood ﬂow while presenting
videos of a hockey player shooting a puck toward a hockey goal. The videos (a total of 120)
where stopped at different time frames with different amount of information provided,
creating a paradigm with three different levels of difﬁculty to decide the fate of a shot.
Since this was only a pilot study, we ﬁrst tested the paradigm behaviorally on six elite expert
hockey players, ﬁve intermediate players, and six non-hockey playing controls. The results
showed that expert hockey players were signiﬁcantly (p < 0.05) more accurate on deciding
the fate of the action compared to the others. Thus, it appears as if the paradigm can
capture superior performance of expert athletes (aim 1).We then tested three of the hockey
players and three of the controls on the same paradigm in the MRI scanner to investigate
the underlying neural mechanisms of successful action anticipation. The imaging results
showed that when expert hockey players observed and correctly anticipated situations,
they recruited motor and temporal regions of the brain. Novices, on the other hand, relied
on visual regions during observation and prefrontal regions during action decision. Thus,
the results from the imaging data suggest that different networks of the brain are recruited
depending on task experience (aim 2). In conclusion, depending on the level of motor
skill of the observer, when correctly anticipating actions different neural systems will be
recruited.
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INTRODUCTION
The most efﬁcient way to acquire motor skills may be through
extensive motor training. Motor performance via motor skill
training relies on the creation of internal motor representations,
which enable us to repeat and, thereby, strengthen learned motor
skills and improve performance (Dushanova and Donoghue,
2010). The motor representation comprises the entire movement,
including the plan for the movement as well as the intended result
(Kandel et al., 2000). Moreover, the motor representation is sug-
gested to precede the execution, and could, therefore, be detached
from the actual execution and exist on its own (Jeannerod, 2006).
Interestingly, during action observation it has been suggested that
the same neurons as are used during action performance are acti-
vated, which is referred to as the mirror neuron system (Rizolatti
and Craighero, 2004). Further, it has also been shown that action
observation may be used to enhance motor performance (Mattar
and Gribble, 2005). Thus, if observing a movement also recruits
the motor representation, then the representation itself may be
strengthened, which may lead to performance improvements. In
a related ﬁeld to action observation, motor imagery, accessing the
motor representation is also central. In this research ﬁeld, studies
have shown that task speciﬁc physical experience is needed in order
to recruit motor regions of the brain during motor imagery, with-
out such experience visual and pre-frontal regions of the brain
will be recruited (see Olsson et al., 2008; Olsson and Nyberg, 2010,
2011). Similar suggestions have been reached within the obser-
vation literature. For example Calvo-Merino et al. (2005) showed
that professional dancers could only recruit the mirror neuron
regions of the brain when watching dance moves within their own
motor repertoire. When observing dance like moves, other regions
were recruited. Moreover, Aglioti et al. (2008) showed that expert
basketball players used body cues to predict the fate of a basketball
shot before the ball left the hand, which was also associated with a
greater neural response in motor regions. Basketball coaches that
no longer performed on expert level had to rely of the trajectory
of the ball with less motor activity. In studies of action anticipa-
tion temporal occlusion paradigms have successfully been used to
study points at which experts pick up the most information. For
example, studies of anticipatory skills in badminton showed how
experts are superior compared to novices in anticipating the land-
ing position of strokes, which required ﬁne tuned mechanisms in
order to pick up information from the player’s body kinematics
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early in the decision process (Abernethy and Zawi, 2007). More-
over, performance on temporal occlusion tasks are associated with
expertise in the relevant sport, an advantage that is unchanged even
if the stimulus material are changed from video clips to point-light
information (Abernethy and Zawi, 2007). Further, the differences
between experts and novices are even larger for the early occluded
clips (e.g., Jackson et al., 2006). Thus, it is now widely recognized
that experts pick up relevant information earlier than novices (see
e.g., Abernethy et al., 2008). However, the neural underpinnings of
such behavior are not completely understood. Wright et al. (2011)
focusedondifferences between expert andnovice badmintonplay-
ers. Their results showed that there appears to be overlapping
regions between experts and novices while observing badminton
videos, but it was also supported that novices tend to rely more on
visual regions, and experts more on motor regions of the brain.
Moreover, Bishop et al. (2013) suggested that high-skill anticipa-
tors showed a greater activation of mirror neuron related regions
of the brain. Increased brain activity by experts was also sup-
ported by Wright et al. (2010), and Milton et al. (2007) proposed
that the extensive practice over long time leading to expert per-
formance is reﬂected by a focused and efﬁcient organization of
the neural networks related to a particular task. Thus, physical
experience and motor representations appears to be important
in order for action observation to be similar to action execution.
However, there are still limited knowledge regarding the associa-
tion between successful action anticipation, expertise, and neural
response.
One reason why this is still uncertain may be that most of the
studies have used passive control conditions. Hence, less atten-
tion has been given to examining what constitutes a successful
anticipation, and, if such behavior relies on different neural sys-
tems between experts and novices. This is a novel step to analyze
action observation by also include the performance of the observer
into the analysis. This is important if we want to understand the
possibilities of using action observation in practice and in order
to provide guidelines in e.g., a clinical setting in which action
observation is frequently used (Celnik et al., 2008).
The aim of this pilot study was therefore to examine if an
action observation paradigm comparing expert athletes to novices
could (1) capture the superior performance of expert athletes and
(2) capture the underlying neural mechanisms of successful action
observation in relation to skill level. We hypothesized that only
the expert athletes could recruit motor regions of the brain and
thereby access the motor representations when successfully antic-
ipating actions. Moreover, we hypothesized that novices would
recruit visual regions to a greater extent anduse cognitive resources
of the brain when successfully anticipating actions, which should
be reﬂected by increased activity in pre-frontal cortex.
MATERIALS AND METHODS
PARTICIPANTS
For the behavioral part of this pilot, 17 male subjects partici-
pated voluntarily. Six of these participants were professional ice
hockey players from the Swedish second division (experts, mean
age 23.6 ± 4.1 years with 5.33 ± 4.5 years playing on professional
level). Five of the participants were from the Swedish ﬁfth division
(amateurs, mean age 24.9 ± 2.6 years with 4.25 ± 3.6 years playing
on amateur level). Finally, six of the participants had never played
ice hockey regularly (novices, mean age 23.4 ± 1.8 years). The
novices were students at the university with no hockey or team
sport experience; neither did they attend games or sporting events
regularly. Three participants from the expert group and three par-
ticipants from the novice group also participated in the functional
magnetic resonance imaging (fMRI) part of this pilot. No ama-
teurs participated in the fMRI.All subjects participated voluntarily,
reported right-handedness and were neurologically healthy. They
all gave their informed consent and this study followed the ethical
standards of the declaration of Helsinki.
STIMULUS MATERIAL
We decided to use ice hockey as the sport for our stimulus mate-
rial because it allows one to capture different situations that are
likely to appear as real game situations. Also, an extension of the
present paradigm would be to look at more complex game situ-
ations with several players involved which would make hockey a
good candidate in order to create more complex situations based
on this initial pilot study. Moreover, there are several local teams
available at different skill levels (from professional players to ama-
teurs) making it ideal for us to be able to study skill differences.
For the creation of stimulus material one ice hockey player from
a Swedish ice hockey high school was used as a shooter and was
given instructions how to perform the different shots. The video
clips were recorded with a JVC Everio GZ-MG330HAG hard disk
camcorder. The video camera was placed behind the goal. The
position was chosen in order to be able to see the whole goal, as
well as the shooter from the front, to facilitate the prediction of
the puck direction. By using such a paradigm we will likely cre-
ate a situation in which we will be able to compare functional
brain response between experts and novices that will reﬂect dif-
ferences based on their motor expertise. Since action perception
and action execution has been suggested to recruit similar neural
regions and also share a common representational domain (Prinz,
1997) we should thereby be able to study motor skill and motor
representations.
The same stimulus material was used, and presented in a sim-
ilar manner, both outside the scanner and during brain imaging.
In total, 40 different video clips (10 clips for each location of the
goal) of the shooting ice hockey player were used. Adobe Premier
Pro CS4 was used to cut all clips into three different time occlu-
sions to reﬂect the different levels of difﬁculty. First, all clips were
cut when the puck left the stick (easy occlusion). Then, the same
video was also cut 300 ms (medium occlusion) and 600 ms (difﬁ-
cult occlusion) before the puck left the stick. Each video clip was
about 2 s long depending on which occlusion time that was used.
Each video clip was shown three times with different occlusions
each time, thus, the total amount of video clips was 120. Original
resolution was 720 × 480 pixels (standard PAL video, 4:3 inter-
laced), but it was cropped to 416 × 480 pixels in order to remove
unwanted information in the picture. E-Prime 2.0 was used to
randomize the clips and to collect response data.
PROCEDURE
Before the start of the experiment the participants were given ﬁve
trials of video clips that were not used in the actual test. The
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instruction for both the trials and the experiment was to watch
each video clip as if they were the player. After each video clip
the participants were asked where in the goal the puck would go,
they responded by pressing a button. They had four alternatives;
they pressed one if they thought that the puck would go to the
furthest left, and four if they thought that the puck would go to
the furthest right. They could use as much time as they needed to
make their response. Then the participants were asked to respond
to how conﬁdent they were of their answer. Again, they had four
alternatives, pressing one if they guessed and four if they were
100% sure of their answer (see Figure 1). The same procedure was
done in the behavioral part of this pilot as well as during fMRI
scanning. During scanning the participants were placed in the
scanner and watched a video screen via a tilted mirror on the head
coil. They had a response pad under their right hand, attached
with Velcro. The participants had earplugs and a headphone to
reduce the noise from the scanner and cushions were placed in the
coil to minimize head movements. They were also informed not
to move any body parts during scanning.
BRAIN IMAGING PARAMETERS
The fMRI session was conducted on a GE3.0 T system (USA)
collecting Blood oxygen level dependent T2* weighted images.
The following imaging parameters were used: repetition time
2000 ms; 37 slices with a thickness of 3.4 mm, echo time 30.0 ms,
ﬂip angel 80◦; ﬁeld of view 25 cm × 25 cm, matrix 96 × 96.
Before statistical analysis pre-processing steps were carried out
using SPM5 (Wellcome Department of Cognitive Neurology,
London, UK) including: slice timing correction, realignment,
unwarping, normalization to an EPI template in the Montreal
Neurological Institute space, and ﬁnally spatial smoothing (8 mm
Gaussian ﬁlter). In-house developed software (DataZ) was used
for visualization of the results.
STATISTICAL ANALYSIS
To capture performance the mean value of number of correct
answers at each difﬁculty level (easy, medium and difﬁcult occlu-
sion time) was counted. Subjects’ conﬁdence on their answers was
calculated as mean value on each difﬁcult level. A 3 × 3 (3 skill
levels × 3 difﬁculty levels) ANOVA was used to analyze behavioral
data between groups. Least signiﬁcant difference was used as a
Post-Hoc test. Level of signiﬁcance was set to p < 0.05.
Imaging data was analyzed in respect to observation as well
as during decision-making, therefore these two conditions were
deﬁned as separate regressors. Theobservation regressorwas based
on the entire length of each video clip, whereas the decision regres-
sor was the length up until the participants gave a response. Our
main aim was to investigate prediction of the action outcome in
relation to successful performance. Since previous studies have not
contrasted successful trials vs. unsuccessful trials in their analyzes,
we are still uncertain what constitutes successful action anticipa-
tion. Relying on passive control conditions, as has been done in
prior studies, is a liberal approach in fMRI studies. In the present
study themore conservative analytic approachmotivates the use of
a pilot study before testing the hypotheses in a large-scale attempt.
Therefore, single subject contrasts were set up using the general
linear model and statistical parametric maps were generated using
t-statistics. The main contrast used was comparison of functional
brain response during correct vs. incorrect (correct > incorrect)
response. This was done for both the observation as well as the
decision-making. We then performed a random-effect analysis for
each group separately. We used a signiﬁcant level of p < 0.005
uncorrected in the analysis. The voxel-wise threshold was moti-
vated since this study should be considered as a pilot requiring
more of a descriptive approach. However, in order to minimize
Type I errors, a cluster threshold of minimum ﬁve voxels was also
applied.
FIGURE 1 | Experimental setup. The video clips lasted for about 2 s depending on which occlusion (easy, medium, difﬁcult) that was observed. There was no
time limit for the response. The participants viewed a total of 120 video clips.
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FIGURE 2 | (A) Individual plots of the local maxima revealed from the clusters
by the novices (seeTable 1) during observation of the early occluded clips.
(B) Individual plots of the local maxima revealed from the clusters by the
experts (seeTable 3) during observation of the early occluded clips. The
individual plots conﬁrm that experts and novices are using separate neural
networks during successful anticipation of actions.
RESULTS
BEHAVIORAL DATA
Between group analysis revealed signiﬁcant difference in perfor-
mance on easy level (F2,14) = 3.739, p < 0.05 and difﬁcult level
(F2,14) = 4.653, p < 0.05, effect sizes were small to moderate,
η2 = 0.025 and 0.045 respectively. There was a tendency to sig-
niﬁcant difference in performance on medium level, p = 0.061.
Post Hoc test showed signiﬁcant differences between experts and
novices on both easy and difﬁcult level p< 0.05 and also between
amateurs and novices on difﬁcult level p< 0.05. Both groups were
equally conﬁdent in their responses.
fMRI DATA
Distinct differences in recruited brain regions were revealed
between experts and novices both during action observation but
also during action decision. The activation pattern for novices
during observation (see Table 1 for exact location in MNI-space,
T-values, and cluster extent) was mainly associated with regions of
the visual cortex, especially at the difﬁcult occlusion. During action
decision (Figure 3), regions of the pre-frontal cortex, such as mid-
dle, superior and inferior frontal cortex was mainly recruited (see
Table 2 for exact location in MNI-space, T-values, and cluster
extent).
For experts, the activation pattern during action observation
involved mainly regions in the superior and middle temporal gyri,
but also the pre-motor cortex. Interestingly, these regions were
again recruited during action decision (see Tables 3 and 4 for
exact location in MNI-space, T-values, and cluster extent). Thus,
novices recruitedmore visual and frontal regions and expertsmore
motor and temporal regions during successful action anticipation.
Based on the local maxima revealed from the early, difﬁcult,
occluded video clips individual data were plotted (Figure 2) in
Table 1 | Brain regions and local maxima of clusters, recruited by
novices during action observation of successful trials compared to
unsuccessful trials.
Difficulty
level
Brain region k X Y Z T
Easy Temporal pole (BA 38) 5 −52 10 −14 2.8
Middle temporal gyrus (BA 20) 9 44 8 −34 2.8
Medium Cerebellum 87 −10 −48 4 10.5
Fusiform gyrus (BA 37) 87 −28 −38 −20 7.5
Calcarine (BA 17) 6 −14 −58 10 4.7
Hard Superior occipital gyrus (BA 19) 46 −18 −82 42 11.9
Superior occipital gyrus (BA 19) 7 26 −86 36 9.0
Superior occipital gyrus (BA 19) 7 20 −92 30 6.4
Precentral gyrus (BA 6) 34 −20 −16 64 6.3
Middle temporal gyrus (BA 21) 16 −60 −48 −4 5.2
Cuneus (BA 18) 8 22 −68 20 5.0
In the analyses a voxel-wise threshold of 0.005 uncorrected was used in
combination with a cluster threshold of minimum ﬁve voxels.
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FIGURE 3 | Brain regions recruited for novices and experts during action
decision of successful trials compared to unsuccessful trials. Novices rely
on pre-frontal regions whereas experts rely on motor/pre-motor regions of
the brain. The functional brain response is overlaid on a rendered standardized
brain (MNI-space) with a threshold of 0.005 uncorrected only showing
clusters with a minimum of ﬁve voxels.
Table 2 | Brain regions and local maxima of clusters, recruited by
novices during action decision of successful trials compared to
unsuccessful trials.
Brain region k X Y Z T
Middle frontal cortex (BA 8) 251 32 18 56 55.2
Inferior temporal sulcus (BA 48) 128 −38 22 16 42.3
Caudate 79 −6 12 6 26.0
Lingual gyrus (BA 19) 14 −22 −68 0 21.5
Inferior temporal sulcus (BA 48) 42 30 30 26 18.0
Insula (BA 47) 48 −30 22 −2 18.0
Superior medial frontal cortex (BA 10) 53 4 34 52 15.5
Inferior frontal gyrus (BA 45) 49 46 32 16 14.4
Caudate 18 8 16 6 14.1
Middle frontal cortex 38 32 28 38 13.6
Rolandic operculum (BA 6) 13 −46 4 16 11.8
In the analyses a voxel-wise threshold of 0.005 uncorrected was used in
combination with a cluster threshold of minimum ﬁve voxels.
order to examine individual variability. There were six peaks from
the novices and ﬁve peaks from the experts plotted (see Tables 1
and 3). The individual plots reveal that even though there are
some overlap between experts and novices, the overall results
show that distinct neural networks are used depending on level of
expertise.
DISCUSSION
In the present pilot study we investigated the association between
successful action anticipation, expertise, and underlying neural
mechanisms. The results are promising and indicate that the
present paradigm is suitable to use when studying how motor
experience affects our ability to understand relevant information
and make a correct anticipation during action observation. How-
ever, since the presented data is only from a pilot study great
caution should be undertaken when interpreting the results, and
before generalizing the results, a large-scale attempt should con-
ﬁrm the ﬁndings. The present study followed the logic and stages
suggested byWilliams and Ericsson (2005) as an approach to study
Table 3 | Brain regions and local maxima of clusters, recruited by
experts during action observation of successful trials compared to
unsuccessful trials.
Difficulty
level
Brain region k X Y Z T
Easy Precentral gyrus (BA 6) 30 36 −26 68 9.8
Middle frontal gyrus (BA 8) 5 −28 36 44 5.8
Supplementary motor area (BA 6) 13 10 2 76 4.2
Medium Cerebellum 30 14 −50 −40 8.5
Cerebellum 50 38 −56 −38 8.2
Superior temporal gyrus (BA 42) 50 60 −38 18 7.4
Precentral gyrus (BA 6) 7 62 4 30 7.0
Middle temporal gyrus (BA 21) 14 −50 −44 6 5.5
Hard Middle temporal gyrus (BA 21) 55 −52 4 −32 9.3
Superior frontal cortex (BA 10) 8 −10 58 8 7.6
Temporal pole (BA 38) 55 −48 14 −28 6.2
Middle temporal gyrus (BA 21) 23 −48 −40 4 5.4
Middle temporal gyrus (BA 21) 10 −44 −6 −14 5.0
In the analyzes a voxel-wise threshold of 0.005 uncorrected was used in
combination with a cluster threshold of minimum ﬁve voxels.
perceptual-cognitive relations in respect to action observation.
The ﬁrst stage was to capture the expert performance. The
behavioral data showed that the paradigm was able to sepa-
rate performance between different groups of individuals with
different amount of hockey skill. This is important because it
strengthens the validity of the paradigm. Thus, the results fur-
ther underpin prior evidence regarding how experts outperform
novices in action anticipation (Abernethy and Zawi, 2007; Aglioti
et al., 2008). We only found a tendency of signiﬁcant performance
differences between experts and amateurs in the behavioral part
of this pilot. This is also similar to what others have reported
(Wright et al., 2011), which is likely an indication about how
difﬁcult it is to create a paradigm that is complex enough to
separate the behavior between high skill level and intermediate
skill level, but at the same time not too difﬁcult for novices. It
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Table 4 | Brain regions and local maxima of clusters, recruited by
experts during action decision of successful trials compared to
unsuccessful trials.
Brain region k X Y Z T
Middle temporal gyrus (BA 21) 17 −56 −28 −2 11.0
Post central gyrus (BA 4) 8 20 −34 78 10.7
Pre-motor cortex (BA 6) 10 −6 12 72 10.1
Superior temporal gurys (BA 41) 15 50 −34 14 8.0
Inferior temporal gyrus (BA 37) 14 −56 −64 −10 7.0
Superior temporal gyrus (BA 21) 16 64 −28 8 5.8
Middle temporal gyrus (BA 21) 13 −52 6 −30 5.7
In the analyses a voxel-wise threshold of 0.005 uncorrected was used in
combination with a cluster threshold of minimum ﬁve voxels.
would have been interesting to also have fMRI data on the ama-
teurs since that would give us an indication regarding how much
experience that is necessary to recruit similar brain regions as
experts. A recent study suggested that intermediate skilled level
badminton players recruit brain regions more similar to novice
players than expert players during anticipation tasks, although
the anticipation performance of the intermediate skilled play-
ers was better than the novices (Bishop et al., 2013). The second
stage, according to Williams and Ericsson (2005), is to identify the
underlying mechanisms. In the present study, we focused on the
underlying neural mechanisms. The results showed that even the
functional brain response during action observation and action
decision differ between experts and novices when comparing suc-
cessful trials with unsuccessful trials. Williams and Ericsson also
emphasized on a third stage, to examine how expertise is devel-
oped. That stage was not covered in the present study. It has been
suggested that most research has focused on capturing expert
performance (Williams and Ericsson, 2005), thus the present
study has the potential to also deepen our understanding regard-
ing mechanisms associated to experts’ superiority during action
observation.
The main aim for the fMRI data was to compare correct versus
incorrect trials. Thus, this was an attempt to clarify the functional
brain regions required for a successful anticipation of actions, and
whether such regions differ between novices and experts. Potential
differences in underlying neural mechanisms will give us informa-
tion about if a successful anticipation is handled similar depending
on level of motor skill, or if motor experience alters the functional
response of the brain. This is a different, and more conserva-
tive, approach compared to most previous studies. Interestingly, a
similar approachwas done recently whenAbreu et al. (2012) inves-
tigated accuracy in anticipation. They did not, however, make
a comparison of successful vs. unsuccessful trials as the present
paper, yet, their results conﬁrmed that novices appears to use
more pre-frontally oriented brain regions, compared to experts
that have increased activity in insular cortex.
Our results indicate that experts, when successfully anticipated
action outcome, primarily relied on motor regions in combina-
tion with regions of the temporal lobe. Novices instead relied
on the visual system during action observation, which is similar
to what has been noted during low-level of visual processing
(Takahashi et al., 2008). Hence, it appears as if the novices had
to search for valuable information in the video clips. Then, dur-
ing action decision, novices relied on pre-frontal cortex to decide
the fate of the action. Pre-frontal cortex is often associated with
cognitive demanding tasks such as memory and executive func-
tions (Cabeza and Nyberg, 2000). Thus, it appears as if they
needed to use cognitive resources to solve the problem regard-
ing the fate of the action. Experts on the other hand recruited
motor regions, which is interpreted as if the experts were able to
recruit regions where complex motor representations are stored
(Meister et al., 2005), these regions are also well known mirror
neuron regions (Rizolatti and Craighero, 2004). By recruiting
these regions the experts gathered information from the motor
representations, which comprised the result of the action (see
Kandel et al., 2000), and thereby could decide the fate of the
action. Interestingly, previous results have shown that experts
use fewer eye ﬁxations compared with novices when observing
actions (Mann et al., 2007), experts are able to extract more
meaningful information in shorter time (Williams et al., 1999),
and experts have developed speciﬁc perceptual-cognitive mech-
anism to better and more effectively read advanced body cues
(Williams et al., 2002). Thus, we suggest that a possible explana-
tion for such behavior may be because experts do not have to
rely on a visual search strategy, instead they can directly extract
the information from the motor representations and analyze the
interaction much faster using parts of the temporal lobe. Activ-
ity in the temporal lobe has previously been suggested to reﬂect
analysis of complex human body movements (e.g., dancing) based
on kinematic cues in which valuable information is extracted in
order to interact with others (Allison et al., 2000). Cross et al.
(2006) interpreted activity in the temporal regions as reﬂecting
increased visual scene processing demands. Our study does not
offer full support for such conclusion since we contrasted cor-
rect and incorrect answers in the analysis. Thus, activation in
temporal regions during action observation is not interpreted to
reﬂect visual processing demands since such demand was equal
in the two conditions. Cerebellum was also recruited proba-
bly reﬂecting its involvement in movement production and, it
has even been proposed that Cerebellum may be interconnected
with the mirror neuron system (Sokolov et al., 2010). Taken
together, the present pilot study suggests that level of motor
skill affects the functional brain response during successful action
anticipation.
In the present paper, based on the contrasts performed, we
did not ﬁnd any parietal activation. Parietal activity has been
frequently associated with action observation in general (e.g.,
Buccino et al., 2001), as well as associated with expert athletic
performance (see also Yarrow et al., 2009). In a study speciﬁcally
targeting the role of parietal cortex in prediction of incoming
motor actions, Fontana et al. (2012) measured EEG activity in
patients with lesions in the parietal lobe while watching a video
of a person grasping an object. Results showed how individuals
with intact parietal lobe (healthy controls) experienced a readi-
ness potential within the parietal lobe preceding the observation
of the upcoming action. No such potential was present in the
parietal patient group. Moreover, parietal activation has also been
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shown by experts more so than novices in studies of motor plan-
ning, possibly reﬂecting their ability for global rather than selective
attention, suggesting that experts are more focused and have a
more efﬁcient organization (Milton et al., 2007). Thus, the parietal
lobe is most likely involved in the prediction of incoming motor
actions, which the present study do not argue against. However,
based on this data we do not offer support that the parietal cor-
tex is involved when separating between correctly or incorrectly
anticipated actions.
One critical point of novelty in the present study is the use
of unsuccessful trials as baseline. By doing so we isolated the
functional brain response associated with successful anticipation,
which in turn is associated with skill. Thus, the differences in
brain regions between the groups of novices and experts are
based on their hockey skills and not their ability to make cor-
rect anticipations. This highlights that even though there are
similarities between experts and novices during action anticipa-
tion (see e.g., Abreu et al., 2012), when investigating successful
anticipation, experts and novices tend to rely on partly differ-
ent neuronal networks, with experts relying more on motor
representations and medial temporal lobe, and novices more
on visual and pre-frontal regions. Interestingly it has been sug-
gested that anticipatory information pick-up is related to highly
domain-speciﬁc memory structures (Yarrow et al., 2009) imply-
ing that motor representation created by physical training (in
the present paper hockey training) in combination with medial
temporal lobe, which is a structure highly involved in mem-
ory, is a plausible explanation to our ﬁndings. The novices do
not have the memories (motor representations) for the actions,
and thus must rely on different strategies to successfully per-
form the task, which was reﬂected by the use of altered neural
systems.
Obviously, because of the limited sample of participants, one
must interpret the results from this pilot with great caution, and
the results should be conﬁrmed with more participants before
generalizing. However, it highlights some interesting ﬁndings for
future studies of this topic. We must, however, perform this study
in large scale with more participants to fully appreciate the pro-
posed relationships. Further, in the present study, even though we
used a complex task, it was only with one player. Adding players
to create a more complex scenario would be interesting and prob-
ably more demanding on the system. However, it is likely that key
brain regions for such task will be revealed within similar regions
as in the present study. In conclusion, data from the present study
support that depending on the level of motor skill of the observer
(i.e., task speciﬁc physical experience), when correctly anticipating
actions different neural systems will be recruited.
REFERENCES
Abernethy, B., and Zawi, K. (2007). Pickup of essential kinematics underpins
expert perception of movement patterns. J. Mot. Behav. 39, 353–367. doi:
10.3200/JMBR.39.5.353-368
Abernethy, B., Zawi, K., and Jackson, R. C. (2008). Expertise and attunement to
kinematic constraints. Perception 37, 931–948. doi: 10.1068/p5340
Abreu, A. M., Macaluso, E., Azevedo, R. T., Cesari, P., Urgesi, C., and Aglioti, S. M.
(2012). Action anticipation beyond the action observation network: a functional
magnetic resonance imaging study in expert basketball players. Eur. J. Neurosci.
35, 1646–1654. doi: 10.1111/j.1460-9568.2012.08104.x
Aglioti, M. S., Cesari, P., Romani, M., and Urgesi, C. (2008). Action anticipation and
motor resonance in elite basketball players. Nat. Neurosci. 11, 1109–1116. doi:
10.1038/nn.2182
Allison, T., Puce, A., and McCarthy, G. (2000). Social perception from visual
cues: role of the STS region. Trends Cogn. Sci. 4, 267–278. doi: 10.1016/S1364-
6613(00)01501-1
Bishop, D. T., Wright, M. J., Jackson, R. C., and Abernethy, B. (2013). Neural
bases for anticipation skill in soccer: an fMRI study. J. Sport Exerc. Psychol. 35,
98–109.
Buccino, G., Binkofski, F., Fink, G. R., Fadiga, L., Fogassi, L., Gallese, V., et al.
(2001). Action observation activates premotor and parietal areas in a somatotopic
manner: an fMRI study. Eur. J. Neurosci. 13, 400–404. doi: 10.1111/j.1460-9568.
2001.01385.x
Cabeza, R., and Nyberg, L. (2000). Imaging cognition II: an empirical
review of 275 PET and fMRI studies. J. Cogn. Neurosci. 12, 1–47. doi:
10.1162/08989290051137585
Calvo-Merino, B., Glaser, D. E., Grèzes, J., Passingham, R. E., and Haggard, P. (2005).
Action observation and acquired motor skills: an fMRI study with expert dancers.
Cereb. Cortex 15, 1243–1249. doi: 10.1093/cercor/bhi007
Celnik, P., Webster, B., Glasser, D. M., and Cohen, L. G. (2008). Effects of
action observation on physical training after stroke. Stroke 39, 1814–1820. doi:
10.1161/STROKEAHA.107.508184
Cross, E. S., Hamilton, A. F., and Grafton, S. T. (2006). Building a motor simulation
de novo: observation on dance by dancers. Neuroimage 31, 1257–1267. doi:
10.1016/j.neuroimage.2006.01.033
Dushanova, J., and Donoghue, J. (2010). Neurons in primary motor cortex engaged
during action observation. Eur. J. Neurosci. 33, 386–398. doi: 10.1111/j.1460-
9568.2009.07067.x
Fontana, A. P., Kilner, J. M., Rodrigues, E. C., Jofﬁly, M., Nighoghossian,
N., Vargas, C. D., et al. (2012). Role of the parietal cortex in predicting
incoming actions. Neuroimage 59, 556–564. doi: 10.1016/j.neuroimage.2011.07.
046
Jackson, R. C., Warren, S., and Abernethy, B. (2006). Anticipation skill
and susceptibility to deceptive movement. Acta Psychol. 123, 355–371. doi:
10.1016/j.actpsy.2006.02.002
Jeannerod, M. (2006). Motor Cognition: What Actions Tell the Self. Oxford: Oxford
University Press.
Kandel, E. R., Schwartz, J. H., and Jessel, T. M. (2000). Principles of Neural Science,
4th Edn. New York: McGraw-Hill.
Mann, D. T., Williams, A. M., Ward, P., and Janelle, C. M. (2007). Perceptual-
cognitive in sport: a meta-analysis. J. Sport Exerc. Psychol. 29, 457–478.
Mattar, A. A., and Gribble, P. L. (2005). Motor learning by observing. Neuron 46,
153–160. doi: 10.1016/j.neuron.2005.02.009
Meister, I., Krings, T., Foltys, H., Boroojerdi, B., Muller, M., Töpper, R., et al.
(2005). Effects of long-term practice and task complexity in musicians and
nonmusicians performing simple and complex motor tasks: implications for cor-
tical motor organization. Hum. Brain Mapp. 25, 345–352. doi: 10.1002/hbm.
20112
Milton, J., Solodkin, A., Hlustik, P., and Small, S. L. (2007). The mind of
expert motor performance is cool and focused. Neuroimage 35, 804–813. doi:
10.1016/j.neuroimage.2007.01.003
Olsson, C.-J., Jonsson, B., Larsson, A., and Nyberg, L. (2008). Motor representations
and practice affect brain systems underlying imagery: an fMRI study of internal
imagery in novices and active high jumpers. Open Neuroimag. J. 2, 5–13. doi:
10.2174/1874440000802010005
Olsson, C.-J., and Nyberg, L. (2010). Motor imagery: if you can’t do it, you
won’t think it. Scand. J. Med. Sci. Sports 20, 711–715. doi: 10.1111/j.1600-
0838.2010.01101.x
Olsson, C.-J., and Nyberg, L. (2011). Brain simulation of action may be grounded in
physical experience. Neurocase 17, 501–505. doi: 10.1080/13554794.2010.547504
Prinz,W. (1997). Perception and action planning. Eur. J. Cognit. Psychol. 9, 129–154.
doi: 10.1080/713752551
Rizolatti, G., and Craighero, L. (2004). The mirror-neuron system. Annu. Rev.
Neurosci. 27, 169–192. doi: 10.1146/annurev.neuro.27.070203.144230
Sokolov, A. A., Gharabaghi, A., Tatagiba, M. S., and Pavlova, M. (2010). Cerebellar
engagement in an action observation network. Cereb. Cortex 20, 486–491. doi:
10.1093/cercor/bhp117
Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 819 | 7
“fnhum-07-00819” — 2013/11/26 — 10:37 — page 8 — #8
Olsson and Lundström Action observation and motor performance
Takahashi, H., Shibuya, T., Kato, M., Sassa, T., Koeda, M., Yahata, N., et al.
(2008). Enhanced activation in the extrastriate body area by goal-directed
actions. Psychiatry Clin. Neurosci. 62, 214–219. doi: 10.1111/j.1440-1819.2008.
01757.x
Williams, A. M., Davids, K., and Williams, J. G. (1999). Visual Perception and Action
in Sport. London: E & FN Spon.
Williams, A. M., and Ericsson, K. A. (2005). Perceptual-cognitive exper-
tise in sport: some considerations when applying the expert performance
approach. Hum. Mov. Sci. 24, 283–307. doi: 10.1016/j.humov.2005.06.
002
Williams, A. M., Ward, P., and Chapman, C. (2002). Training perceptual skill in
Weld hockey: is there transfer from the laboratory to the Weld? Res. Q. Exerc.
Sport. 74, 98–103. doi: 10.1080/02701367.2003.10609068
Wright,M. J., Bishop,D. T., Jackson,R.C., andAbernethy, B. (2010). FunctionalMRI
reveals expert-novice differences during sport-related anticipation. Neuroreport
21, 94–98. doi: 10.1097/WNR.0b013e328333dff2
Wright, M. J., Bishop, D. T., Jackson, R. C., and Abernethy, B. (2011). Cortical
fMRI activation to opponents’ body kinematics in sport-related anticipation:
expert-novice differences with normal and point-light video. Neurosci. Lett. 500,
216–221. doi: 10.1016/j.neulet.2011.06.045
Yarrow, K., Brown, P., and Krakauer, J. W. (2009). Inside the brain of an elite athlete:
the neural processes that support high achievements in sports. Nat. Rev. Neurosci.
10, 585–596. doi: 10.1038/nrn2672
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 28 June 2013; accepted: 11 November 2013; published online: 27 November
2013.
Citation: Olsson C-J and Lundström P (2013) Using action observation to study supe-
rior motor performance: a pilot fMRI study. Front. Hum. Neurosci. 7:819. doi: 10.3389/
fnhum.2013.00819
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2013 Olsson and Lundström. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 819 | 8
